Horseradish peroxidase (HRP) and thionine (Th) were co-adsorbed onto a porous carbon-felt (CF) from a mixed solution of HRP and Th to fabricate a CF-based bioelectrocatalytic flow-detector for H2O2. The resulting HRP and Th co-adsorbed CF (HRP/Th-CF) was successfully used as a working electrode unit of a highly sensitive amperometric flow-H2O2-biosensor. Differing from the ordinary mediator-based HRP biosensors, which detect mediated currents (i.e., the reduction current of the oxidized form of the mediators), the present HRP/Th-CF-based H2O2-biosensor directly detects the reduction current of the oxidative HRP-intermediates (i.e., compound I and II) based on a direct electron transfer (DET) between a HRP-redox active heme center and the CF electrode, because co-adsorbed Th together with HRP facilitate the DET. Various adsorption conditions (i.e., HRP concentration, Th concentration, ionic strength, pH, adsorption time) were optimized to obtain excellent sensor performances. When an air-saturated 0.1 M phosphate buffer (pH 7.0) was used as a carrier at 3.25 ml/min and the applied potential of -0.05 V vs. Ag/AgCl, the HRP/Th-CF-based flow-H2O2-biosensor exhibited excellent analytical performances (i.e., sensitivity, 3.55 μA/μM; linear range, 0.1 to 10 μM; lower detection limit, 0.03 μM; K app m , 36.2 μM; Imax, 158 μM; sample throughput, ca. 60 samples/h).
Introduction
The determination of H2O2 is becoming of practical importance in chemical, biological, clinical and environmental fields. Among various analytical methods, enzyme electrodes using peroxidase are useful tools that enable an easy, highly selective and cost-effective determination of H2O2. Up to now, large numbers of peroxidase-based H2O2-sensing electrodes have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Among various heme-containing plant peroxidases, horseradish peroxidase (HRP) has been widely employed in enzyme electrodes, because HRP is relatively stable, cost-effective and commercially available in highly purified form. In addition, the structure and the reaction mechanism of the HRP has been well investigated. 19, 20 Most of HRP-based H2O2-sensing electrodes detect the cathodic current of the electrochemical reduction of HRP-oxidative intermediates (i.e., compound I and II), which are formed from ferric-HRP by the reaction with H2O2 (Eq. (1)). The detection principle of the HRP-based H2O2-sensing electrodes can be divided into two categories: (1) second generation-enzyme electrodes, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] which detect the mediated current (i.e., the reduction current of the oxidized form of mediator that is produced by the reaction with HRP-intermediates) (Eq. (4)) (2) third generation-enzyme electrodes, [12] [13] [14] [15] [16] [17] [18] which directly detect the reduction current of the HRP-intermediates based on the direct electron transfer (DET) between the HRP-redox active heme-center and the electrodes (Eqs. (5) and (6)). Since a rate of direct electron transfer from the electrode to the active-center of enzyme is generally slow, various electron-transfer mediators have been employed. In these mediator-based enzyme electrodes, the electrochemically reduced mediators react with the HRP intermediates (compound I and II) (Eqs. (2) and (3)), and the produced oxidized mediator is catalytically re-reduced so as to reduced form (Eq. (4)). Thus, most of these mediator/HRP-based H2O2-sensing electrodes were operated under an applied potential at which the mediator can be reduced. For example, phenothiazine derivatives (e.g., thionine, 1-4 methylene blue [5] [6] [7] [8] and methylene green) [9] [10] [11] can be used as mediators for a HRP-based H2O2-sensing electrode, and these sensors are operated at around -0.2 V vs. Ag/AgCl.
Ferric-HRP (native) + H2O2 → Compound I + H2O
(1)
Compound I + Md-red → Compound II + Md-ox (2) Md-ox + ne -→ Md-red (4) Compound I + H + + e -→ Compound II (5) Compound II + H + + e -→ Ferric-HRP (native) + H2O (6) Carbon-felt (CF) is a microelectrode ensemble of micro carbon fiber (ca. 7 μm diameter), and possesses a random three-dimensional structure with a high surface area (estimated to be 0.1 -10 m 2 g -1 ). CF exhibits high conductivity and high electrolytic efficiency. 21, 22 Furthermore, since the high porosity (>90%) and porous structure of the CF cause a very low diffusion barrier against a solution-flow, the CF is suitable as a working electrode unit of the electrochemical flow-through detector. 23 Thus, the combination of the immobilized enzyme and the CF enables the development of highly functional flow-biosensors. [24] [25] [26] [27] From this viewpoint, we have been studying the establishment of enzyme-immobilization methods, and their applications to CF-based flow-biosensors. [24] [25] [26] [27] In this case, the enzyme immobilization strategy, microenvironment of immobilized enzyme and signal transduction principle, would influence the performance of the enzyme-modified CF-based flow-biosensor systems.
Our previous study on the HRP and thionine (Th)-co-adsorbed CF (HRP/Th-CF) revealed that when HRP and Th were co-adsorbed onto a CF surface from a mixed solution of HRP and Th, the DET-based cathodic current, which can be detected at +0.4 to -0.1 V, was significantly enhanced, as compared with the case without Th (HRP-CF). 24 These observations indicate that the co-adsorbed Th facilitates the DET between the HRP-active redox center and the CF, and does not act as an electron-transfer-mediator. On the basis of this phenomenon, we have fabricated an amperometric flow-H2O2-biosensor by using the HRP/Th-CF as a bio-specific-sensing element. Since this biosensor detects the bioelectrocatalytic current of HRP based on direct electron transfer between the HRP active-redox center and the CF, the sensor performances would be significantly influenced by interfacial properties and microenvironment of the adsorbed HRP (e.g., structure, conformation, orientation of HRP on the CF) of HRP/Th-CF. From this context, in this study, in order to improve the performance of the HRP/Th-CF-based flow-H2O2-biosensor, we optimized the adsorption conditions of the HRP/Th-CF (e.g., Th concentration, HRP concentration, ionic strength, pH, adsorption time).
Experimental

Reagents and materials
Horseradish peroxidase (HRP, EC 1.11.1.7, >100 units mg -1 ), 30% (v/v) hydrogen peroxide, sodium hydroxide (NaOH), boric acid, acetic acid and phosphoric acid were obtained from Wako Pure Chemicals, and used without further purification. Thionine (Th) was purchased from Tokyo Kasei Kogyo Co. SAT Blue (N,N′-bis(2-hydroxy-3-sulfopropyl)tolidine, disodium salt) were purchased from Dojindo. A carbon-felt sheet (CF; which was prepared by pyrolysis of polyacrylonitrile at 2000 C, the density is 1.4 g/cm 3 , the porosity is more than 90%) was obtained from Nippon Carbon Ltd. A standard solution of the H2O2 was prepared immediately by the dilution of 30% H2O2 with a buffer prior to use. A 0.1 M phosphate buffer (prepared by using K2HPO4 and KH2PO4) was used to prepare electrolyte and carrier solutions. Britton-Robinson buffer (1 mM) was used for experiments concerning the effect of pH in the adsorption solution. All of the solutions were prepared with doubly-distilled water.
Preparation of HRP/Th-CF electrode
The CF was cut into 10 × 3 × 3 mm (ca. 12 mg), and was washed with pure water under an ultrasonic treatment for 10 min. Then, the CF was immersed into a HRP/Th-mixed solution (2 ml) at room temperature under various conditions. After that, the HRP/Th-CF was applied in a flow-biosensor system. [24] [25] [26] [27] Before sample measurements, air-saturated 0.1 M phosphate buffer (pH 7.0) was flowed at 3.25 ml/min for 1000 s under an applied potential of -50 mV (vs. Ag/AgCl) to reduce the background current, and to remove weakly adsorbed HRP and Th. The HRP-adsorbed CF was stored in a 0.1 M phosphate buffer (pH 7.0) in a refrigerator at 4 C when not in use.
The electrochemical impedance spectroscopy (EIS)
In order to obtain the interfacial properties of HRP/Th-CF surfaces, electrochemical impedance spectroscopy (EIS) was carried out with an electrochemical analyzer (ALS, Model 6112A) at room temperature with a conventional one-compartment three-electrode system comprising the HRP/Th-CF with a platinum lead wire (0.5 mm diameter) as a working electrode, a platinum wire (1 mm diameter) auxiliary electrode and an Ag/AgCl reference electrode (BAS, RE-1B). Deoxygenized electrolyte solutions were prepared by bubbling high-purity grade nitrogen gas through the solution at least 20 min prior to the electrochemical measurements to reduce the effect of the dissolved oxygen in buffer. Deoxygenized 0.1 M phosphate buffer solution (15 ml, pH 7.0) containing 1 mM Fe(CN)6
3-/4-as an electro-active redox probe was used as an electrolyte. For the EIS measurement, the applied potential was set at the formal potential of the redox system (i.e., +0.22 V vs. Ag/AgCl at pH 7.0 in phosphate buffer). The frequency was from 0.01 Hz to 10 kHz. All of the electrochemical measurements were done at the laboratory ambient temperature (22 -24 C).
Flow-amperometric measurements with HRP/Th-CF-based flow-biosensor
The configuration of flow-biosensor system is essentially the same as previously reported by us. [24] [25] [26] [27] The resulting HRP/Th-CF was set in a home-made flow-cell and connected to a flow-biosensor system. The flow-biosensor system consisted of a double syringe analytical pump (Sanuki Industry, SNK DX2000) with a sample injector with a sample loop (200 μl) and a three-electrode electrochemical flow-through detector connected to an electrochemical analyzer (ALS, Model 6122A). Air-saturated 0.1 M phosphate buffer (pH 7.0) was used as a carrier at a flow rate of 3.25 ml/min. After the background current had reached to the steady-state value at an applied potential of -50 mV (or 0 V), 200 μl of H2O2 standard solutions were injected, and the cathodic peak current, due to the DET-based bioelectrocatalytic reduction of H2O2, was measured. All of experiments were carried out at room temperature.
SAT Blue colorimetry for the evaluation of the HRP-activity of HRP/Th-CFs
The catalytic activity of the HRP adsorbed on the CF was determined by the colorimetric method using SAT blue. 28 Briefly, to a 10-ml diluted SAT blue solution (10 times-dilution with 0.1 M phosphate buffer pH 7.0), HRP/Th-CF was added, and the solution was incubated for 2 min at room temperature under mechanical stirring with a magnetic string bar. During this time, 0.5 ml of the reaction mixture was taken every 30 s, and mixed with 2 ml of 1 M HCl to stop the enzymatic reaction.
The absorbance at 474 nm of this mixture was measured at room temperature with a U-200 spectrophotometer (Hitachi, Tokyo, Japan) with 0.1 M phosphate buffer (pH 7.0) as a control.
UV-Vis spectroscopy
Absorption spectra were taken with a Jasco Ubest V-530 (JASCO Co. Ltd., Tokyo, Japan) double-beam UV-vis spectrophotometer at room temperature. A quartz cell with a path length of 1 cm was used for the measurements. One microcuvette was filled with 3 ml of Th and/or Th/HRP solution, while a second microcuvette filled with pure water was used as a blank reference.
Results and Discussion
Effects of Th concentration in adsorption solution and adsorption time upon the peak current responses
As described in the introduction part and in a previous report, 24 the co-adsorbed Th together with HRP on the CF surface facilitates direct-electron-transfer (DET) between the HRP active heme-center and the CF electrode. Therefore, the concentration of Th in the HRP-adsorption solution, to which the CF is immersed, was first optimized (Fig. 1 ). As expected, the bioelectrocatalytic cathodic peak currents toward 30 μM H2O2 obtained at an applied potential of -0.05 V (vs. Ag/AgCl) at pH 7.0 tended to increase with increasing Th concentration in the concentration range from 0.2 to 0.4 mM, and reached almost a plateau at 0.5 mM. Thus, as the optimum Th concentration, we chose the Th concentration at 0.5 mM for the following experiments. Next, we checked the effect of the adsorption time on the magnitude and reproducibility of the peak currents. The relationship between the adsorption time of the HRP and the Th and the peak current responses of H2O2 (10 μM) are depicted in Fig. 2 .
The peak current responses were found to be un-dependent on the adsorption time over the range from 5 min to 24 h. It can be considered that the adsorbed HRP molecule that contributes to the signal generation is adsorbed on the CF surface during the initial stage of net adsorption processes. This result implies that the adsorption process of the electrochemically active HRP-layer, which contributes to the generation of the DET-based peak current, is relatively rapid, and the initial adsorption layer mainly contributes to the generation of the DET-based peak current response. This would be reasonable, because the present HRP/TH-CF-based H2O2-biosensor detects the DET-based cathodic current between HRP-active center and the CF surface at -0.05 V Ag/AgCl.
However, a longer adsorption time was more preferable to obtain reproducible responses for 20 consecutive sample injections, and the RSD values (n = 20) tended to decrease with increasing the adsorption time, as shown in the inset graph of Fig. 2 . This result implies that a longer adsorption process is preferable for the formation of a stable HRP-adsorbed layer on the CF surface. Thus, the adsorption time was fixed to 24 h.
Effects of the HRP concentration upon the peak current, surface resistance and HRP activity
Next, we studied the effect of the HRP concentration in the HRP/Th solution to which the CF was immersed. The HRP concentration was changed in the concentration range from 0.001 to 1 mg/ml. For all solutions, the Th concentration was kept at 0.5 mM.
The relationships between the HRP concentration in the adsorption solution and the cathodic peak current toward 30 μM H2O2 are depicted in Fig. 3A . The magnitudes of the peak currents obtained at an applied potential of -0.05 V vs. Ag/AgCl were significantly affected by the HRP concentration, and the maximum response was observed at around 0.01 to 0.033 mg/ml of HRP. A higher HRP concentration (i.e., 0.3 to 1 mg/ml) was found to be unsuitable to obtain large peak current responses. These results suggest that the interfacial properties of the adsorbed HRP (e.g., surface coverage, layered structure and molecular-packing conditions of enzyme layer) significantly affect the bioelectrocatalytic activity of the HRP/Th-CF for the H2O2 reduction.
Electrochemical impedance spectroscopy (EIS) is known to be a useful tool to characterize the surface processes of protein-modified electrodes. 30, 31 In this case, the charge-transfer resistance (Rct), which can be estimated by the diameter of a semicircle of the Nyquist plot, is one of the useful parameters to consider the interfacial properties of an immobilized protein-layer. The surface coverage of the adsorbed HRP-layer can be evaluated, based on the following assumptions:
(1) the electro-active species (in this case, the redox couple of Fe(CN)6
3-/4-) could directly diffuse to the bare spots on the CF through the pores and defects of the adsorbed HRP layer; (2) the electro-active species could permeate through the adsorbed HRP-layer and react at the CF surface. The relationship between the HRP concentration in the adsorption solution and the Rct evaluated by EIS-Nyquist plot is shown in Fig. 3B . This result implies that a higher HRP concentration in the adsorption solution would results in a larger surface coverage of the HRP-layer on the CF surface.
Judging from the results of Figs. 3A and 3B, a larger amount of adsorbed HRP is not necessarily preferable for larger peak current responses. Some literature has described that the compact-packing and/or the multilayer-formation tend to cause the deactivations of the adsorbed enzymes. 31, 32 In this case, lateral interactions between the adjacent adsorbed enzymes likely drive a structural transition process (e.g., fractional structural change and unfolding), and cause enzyme deactivation. 31, 32 One HRP molecule contains ten α-helix and one β-sheet, and the β-sheet structure is more buried in the molecule at high protein concentrations, while more exposed at low protein concentrations. 19 Thus such kind of intramolecular structural change would also reflect the differences in structure of the adsorbed HRP molecules on the CF surface.
The observed peak current response of this HRP/Th-CF-based flow-detector originated from bioelectrocatalytic activity of the adsorbed HRP on the CF surface, and the rate of direct electron transfer between the HRP-redox active center and the CF surface influences the magnitude of the peak current responses. We therefore propose two possible hypotheses to explain the reason for the remarkably low peak current during a higher HRP concentration and higher HRP coverage. One hypothesis is that the HRP molecule, itself, is deactivated (denatured) by lateral interactions between the adjacent adsorbed enzymes by compact and multilayered formations of enzyme. A second hypothesis is that even though the HRP, itself, is not deactivated, DET between the HRP active center and CF electrode surface and/or diffusion of H2O2 are prohibited by compact and multilayered formations of enzyme.
In order to confirm the reasonableness of our hypotheses, next the activity of the adsorbed HRP on the CF was determined spectrophotometrically by using SAT-Blue colorimetry. 28 The relationship between the HRP activity evaluated by SAT-blue colorimetry and the HRP concentration in the adsorption solution is illustrated in Fig. 3C . The tendency of the HRP concentration dependency on the bioelectrocatalytic peak current (Fig. 3A) and the HRP activity evaluated by SAT-blue colorimetry (Fig. 3C) are similar, and higher HRP concentrations and higher HRP coverage result in lower activity. These results support the validity of the first hypothesis. Namely, when HRP is adsorbed from a high concentration of the HRP solution, the adsorbed HRP molecule, itself, is deactivated (denatured), probably due to lateral interactions between the adjacent adsorbed enzymes by the compact and multilayered formations of enzyme molecules. 32 Some literature describes that the HRP stability is dependent on the enzyme concentration in solution. From these results, we selected 0.033 mg/ml as the optimum HRP concentration for adsorption.
Effects of ionic strength and pH of the adsorption solution upon the peak current responses
Usually, most redox enzymes lack pathways that can transport electrons from their embedded redox active site to an electrode. Electrical communication between redox proteins and the electrode surfaces has been improved by aligning proteins on chemically modified electrodes, 33, 34 by attaching an electron-transporting group, 35, 36 and by immobilizing proteins in polymer matrices tethered by redox groups. [37] [38] [39] Differing from these previous electron-relay systems, the present HRP/Th-CF-based flow-biosensor system is quite simple (i.e., just co-adsorption of HRP and Th onto the CF surface from the HRP/Th mixed solution). Therefore, we speculate that some kinds of interactions between Th and HRP in the solution phase and/or during the adsorption process would play important roles for an enhancement of the DET-based peak current responses.
The specific interactions of phenothiazine dyes and some proteins have been reported. 40, 41 For example, Th specifically binds to the active center of trypsin. 40 Methylene blue (MB) binds to bovine serum albumin (BSA), and the secondary structure of BSA molecule is changed dramatically in the presence of MB. 41 In these cases, the electrostatic interactions between cationic phenothiazine dyes and anionic groups of proteins play an important role to stabilize the dye-protein complex. Therefore, it would be safe to assume that some kinds of interactions between Th and HRP lead to structural changes of the adsorbed HRP molecule, resulting in a favorable conformation or orientation of the adsorbed HRP molecule for DET. Namely, it can be safe to assume that the distance between the active site of an adsorbed HRP molecule and the electrode could thus be small enough to allow electron transfer between the active center and the electrode surface, probably because of the specific interaction with Th.
If the main interaction of Th and HRP is similarly electrostatic, the ionic strength of the HRP/Th mixed adsorption solution would influence the degree of the interaction between Th and HRP, which would affect the microenvironment of the adsorbed HRP on the CF surface. In general, the degree of electrostatic interaction is influenced by the ionic strength of the solution; we thus next studied the effect of the ionic strength of the adsorption solution upon the peak-current responses. The effect of the ionic strength in the adsorption solution upon the peak current obtained by the HRP/Th-CF-based flow-H2O2-biosensor is illustrated in Fig. 4 . The largest response was obtained when pure water was used as a solvent of the adsorption solution (bar a), and the peak responses tended to decrease with increasing the ionic strength and the buffer concentrations. These results suggest that the electrostatic interaction between the positively charged Th and the negatively charged group of HRP might be important to obtain a larger DET-based response, based on the assumption that the electrostatic interaction is disturbed in the solution with high ionic strength.
The effect of the pH of the HRP/Th adsorption solution on the peak-current response was investigated over the pH range from 3 to 11 using 1 mM Britton-Robinson buffer. Larger responses were obtained from the neutral-to-basic pH region, and the responses tended to decrease in the acidic pH region. Since the isoelectric point of one of the components of neutral HRP is 5.75, 42 the interaction of positively charged Th and negatively charged sites of the HRP molecule is likely be more significant in the basic region, which may lead to a preferable conformational change and the orientation of adsorbed HRP on the CF surface.
Some report describes that HRP strongly adsorbs on the graphite electrode. 43 In the case of the CF, the existence of oxygen-containing functional groups (e.g., OH, COOH, C=O) on the CF surface was verified by XPS analysis. 43 Therefore, various interactions (e.g., hydrophobic interaction, electrostatic interaction, hydrogen bonding, and van der Waals interaction) contribute to the adsorption of the HRP and Th on the CF surface. As reported previously, 24 the operational stability of this HRP/Th-CF-based flow-biosensor for consecutive 100 injections was good (RSD = 0.41 -1.21% n = 100), even though 0.1 M (relatively high ionic strength) phosphate buffer was flowed as a carrier at a relatively fast flow rate (more than 3 ml/min). Thus, it would be safe to say that the desorption of HRP and Th from the CF surface likely does not occurred at least during the measurement period of ~2 h even though a relatively high ionic strength buffer was flowed.
Absorbance spectra of Th without and with HRP
To confirm the interaction of Th with HRP, we next measured the absorption spectra of Th with and without HRP. The absorption spectra for Th (30 μM) in aqueous solutions in both the absence and the presence of HRP (10 μM) are depicted in Fig. 5 . The spectra were measured 5 min after mixing the HRP and Th solutions. (It was also determined that the shape of the spectrum of the HRP/Th mixture did not change with time up to 1 h, indicating that the interaction between Th and HRP reached equilibrium immediately, or at least in less than 5 min.) The spectrum of Th alone (without HRP) (solid line) showed absorbance maxima at wavelengths of 598 nm and a shoulder at ca. 560 nm. The absorption peak decreased in the presence of HRP (dotted line), whereas two isobestic points were found at 629.4 and 529.5 nm. (The peak at 402 nm is the Soret band of HRP-heme). This change in the Th spectra would originate from the interaction of Th with HRP. Similar changes in the absorption spectra of phenothiazine dye (in this case, methylene blue) in water have been reported as being due to complex formation with negatively charged polysaccharides possessing a sulfate group. 44, 45 Analytical performances of the HRP/Th-CF-based flow-H2O2-biosensor Based on these results described above, we selected the adsorption conditions as being optimum (Th, 0.5 mM; HRP, 0.033 mg/ml; adsorption solvent, pure water (pH 6.8), adsorption time, 24 h).
Typical peak current responses obtained by the present HRP/Th-CF-based flow-H2O2-biosensor are illustrated in Fig. 6 . The present HRP/Th-CF-based flow-biosensor exhibited an apparent response even toward a sub-micro-molar level of H2O2 (see inset figure in Fig. 6 ). The reproducibility of three consecutive injections having the same concentration of the H2O2 sample was fairly good (the RSDs (n = 3) were varied from 0.04 to 1.58). Figure 7 depicts the calibration curve, which plots the cathodic peak current vs. H2O2 concentration, obtained under certain conditions (applied potential, -0.05 V; carrier flow rate, 3.25 ml/min; carrier, pH 7.0). The magnitude of the peak-current response by this HRP/Th-CF-based flow-biosensor was linear in the H2O2 concentration range between 0.1 to 10 μM with a sensitivity of 3.55 μA/μM and a correlation coefficient of 0.996. The detection limit of H2O2 was found to be 0.03 μM, based on the peak current signal-to-noise ratio of 3 (noise level, 0.03 μA).
The sensitivity and the detection limit of this HRP/Th-CF-based flow-H2O2-biosensor were superior to that of other HRP-based H2O2-sensing electrodes. [1] [2] [3] [4] 14, 17, 18 For example, a HRP-Th-coadsorbed TiO2 electrode (detection limit, 1.2 μM); 4 a HRP and Th-coimmobilized (covalent bond using glutaraldehyde) glassy carbon electrode (detection limit, 0.1 μM); 3 a HRP and Th-coimmobilized Au electrode (detection limit, 0.8 μM); 2 a HRP-conducting polymer-modified glassy carbon electrode (detection limit, 0.2 mM); 17 a HRP-adsorbed spectrographic graphite (detection limit, 0.5 μM); 14 and a HRP-Au colloid/cysteamine-modiifed Au electrode (detection limit, 0.58 μM).
18 As compared with entrapment or modification within films, a direct attachment of enzymes onto an electrode's surface, like in this study, would be preferable to eliminate the diffusion limiting of analytical target molecules, which would result in a rapid response time and a high sensitivity, especially for a flow-biosensing system.
The data from Fig. 7 were analyzed by applying a Michaelis-Menten type kinetic model (Eq. (7)):
where
Here, [E] is the concentration of the enzyme, the HRP at the CF surface. From double-reciprocal plots, 1/[H2O2] vs. 1/peak current, the apparent K app m and Imax can be estimated to be 36.2 μM and 158 μA, respectively, based on the equation Y = 0.2284X + 0.0063 (R 2 = 0.998). The storage stability of this HRP/Th-CF-based flow-biosensor was checked by measuring 10 μM H2O2 every two days. When not in use, the HRP/Th-CF was stored in 0.1 M phosphate buffer (pH 7.0) at 4 C. The activity of the HRP/Th-CF decreased to 87, 78, and 66% of its original activities after 3, 5, and 7 days of storage in the buffer, respectively. The surface resistance (Rct), which was evaluated by a Nyquist-plot of EIS, increased by about twice after the 7 days of storage, suggesting that the desorption of HRP from the CF surface was probably not a main reason of this activity loss. A partial desorption of Th and/or the structural change (unfolding or spreading) of the adsorbed HRP molecule may be the primary reason for this decrease in the activity during the storage period in 0.1 M phosphate buffer. Finally, the validity of each HRP/Th-CF electrode was checked with using three different electrodes, which were fabricated in the same preparation manner. The fabrication reproducibility of the HRP/Th-CF was evaluated by the average values for 5 repetitive injections of 10 μM H2O2, and the RSD (n = 3) was evaluated to be less than 7%.
Conclusions
This work was performed with the aim of optimizing the adsorption conditions of HRP and Th on the CF surface, to improve the performance of the HRP/Th-CF-based flow-H2O2 biosensor. Various adsorption conditions (i.e., HRP and Th concentrations, ion strength and buffer concentration, pH and adsorption time) were optimized.
The resulting HRP/Th-CF-based flow-H2O2-biosensor exhibited excellent analytical performance (sensitivity, 3.55 μA/μM; detection limit, 0.03 μM; linear calibration range, from 0.1 to 10 μM) with a sample throughput of ca. 60 samples/h. This HRP and Th co-adsorption method is quite simple and mild. In future work, the combination of this H2O2-biosensor and various oxidases (that generates H2O2) would allow for the development of various biosensors for the determination of e.g., glucose, lactate, glutamate, and alcohol etc.
